Engineers are exploring several mechanisms to delay corrosive attack of the CAM (corrosion allowance material) by dripping water, including drip shields and ceramic coatings. Ceramic coatings deposited with high-velocity oxyfuels (HVOF's) have exhibited a porosity of only 2% at a thickness of 0.15 cm. The primary goal of this document is to provide a detailed description of an abstracted process-level model for Total System Performance Assessment (TSPA) that has been developed to account for the inhibition of corrosion by protective ceramic coatings. A second goal was to address as many of the issues raised during a recent peer review as possible (direct reaction of liquid water with carbon steel, stress corrosion cracking of the ceramic coating, bending stresses in coatings of finite thickness, limitations of simple correction factors, etc.). During the periods of dry oxidation (T 2 100°C) and humid-air corrosion (T I 100°C & RH < SO%), it is assumed that the growth rate of oxide on the surface is diminished in proportion to the surface covered by solid ceramic. The mass transfer impedance imposed by a ceramic coating with gas-filled pores is assumed to be negligible. During the period of aqueous phase corrosion (T I 100°C & RH > 80%), it is assumed that the overall mass transfer resistance governing the corrosion rate is due to the combined resistance of ceramic coating & interfacial corrosion products. Two porosity models (simple cylinder & cylinder-sphere chain) are considered in estimation of the mass transfer resistance of the ceramic coating. It is evident that substantial impedance to 02 transport is encountered if pores are filled with liquid water. It may be possible to use a sealant to eliminate porosity. Spallation (rupture) of the ceramic coating is assumed to occur if the stress introduced by the expanding corrosion products at the ceramic-CAM interface exceeds fracture stress. Since this model does not account for the possibility of corrosion products filling pores, it is believe to be very conservative. In such a case, the corrosion product would not spread across the ceramic-CAM interface and no spallation would occur. Thus, the coating would be expected to last indefinitely.
Method

Corrosion Reactions
It is assumed that the corrosion reaction at the interface between the ceramic and carbon steel is limited by oxygen availability and results in the formation of Fe304. 
where G is the constant factor for converting units of (pm y-i) to (cm s-l). Similarly, the penetration rates in the two references are related by:
where the subscript (0) denotes rates in the absence of the ceramic coating.
Penetration Rate with Ceramic Coating (a-factor)
If no mass transfer impedance is imposed by the interfacial corrosion product, the penetration rate (dp / dt) is constant and the penetration ( p ) increases linearly with time (t ). In such a case, a simple time-independent correction factor ( g ) can be used to account for the inhibition of the corrosion process by the porous ceramic coating. This approach is represented by A plausible scenario leading to a time-independent correction factor assumes that the corrosion product accumulated at the interface imposes no significant mass transport limitation (coating dominates). Regardless of whether or not the interfacial corrosion product ultimately imposes a significant mass transfer impedance (thereby causing long-term parabolic dependence of penetration on time), the short-term dependence of penetration can be approximated as linear Farmer & Stockman, November 14, 1998 The relationship between the penetration rate (dp / dt), and the apparent rate constant (k,) is derived by substituting Equations 14 and 15 into Equation 13 : 
where q is the uniform load (pressure) exerted on the internal surface of the deflected circular plate (blister), a is the radius of the circular plate (blister), and D is the plate constant. The plate constant is given by:
D=-Et3
12 (1-u") where E is the elastic modulus of the ceramic coating, t is the thickness of the plate, and v is Poisson's ratio. x=l l-w0 c 1 3 PO w p (EP 28) where p is the density of the carbon steel (iron), p. is the density of the iron oxide (corrosion product), w is the effective atomic weight of the carbon steel (iron), and w. is the formula weight of the iron oxide (corrosion product A Rankine-type failure (maximum normal stress theory) is assumed when the stress in the coating exceeds the fracture stress. This is used to define a critical penetration depth at which the ceramic coating is assumed to rupture (point of spallation).
(Eqn. 32)
The time that lapses before spallation of the ceramic coating (time-to-failure) is defined as:
(Eqn. 33)
Alternative Abstraction for Penetration Rate (limiting flux)
If the penetration rate is at the mass transport limit, the interfacial concentration ( Ci) will be zero. (dp W,, + 00, which is equivalent to saying that there is no interfacial mass transfer Farmer & Stockman, November 14, 1998 Aqueous phase corrosion is limited by the diffusion of dissolved 02 through water in the pores of both the ceramic coating. It is assumed that the pores are filled with water (liquid). The aqueous phase corrosion rate is proportional to the concentration of dissolved oxygen, and is essentially zero in a completely deaerated (oxygen-free) solution.
The reaction between water and the carbon steel is insignificant. If the interfacial corrosion product is assumed to impose no significant mass transport limitation. The interfacial oxide is magnetite, which is assumed to be able to exert more compressive force than the oxyhydroxides. This is believed to be a conservative assumption. The ceramic coating fails when the maximum tensile stress due to the accumulation of corrosion products exceeds the measured fracture strain (Rankine-type failure mechanism or maximum normal stress theory). The blister radius is the same size as a standard WAPDEG patch (Ref. 7.2).
The time-to-failure obeys a log normal distribution. The minimum and maximum estimates of the time-to-failure, calculated with the parameter ranges given in Table 1 , correspond to the values at + 40. These extremes are assumed to define the Oth and lOO* percentiles.
Use of Computer Software
No computer codes were written for this model abstraction.
Calculations
Calculation Inputs
The parameters given in Table 1 are used in these equations. The critical penetration is estimated to be 26.37 pm if the fracture strain is assumed to be 16.7 MPa and 271.6 pm if the fracture strain is 172 MPa. Based on Equation 8, the penetration is estimated to be 107.8 pm after 1 year at lOO"C, and 152.6 pm after 1 year at 25°C. This is a very surprising result, since one usually expects rates to increase with temperature. Farmer & Stockman, November 14, 1998 Tables 1 and 2 are used to generate the time-to-failure in Table 3 . Table 3 . Expected Range of Failure Times
As expected, the two alternative abstractions, referred to as "g-factor" and "limiting flux" give comparable results. The lowest and highest values of the logarithm of the time-to-failure (In t; ) are assumed to be normally distributed. These values are further assumed to define the Ofh and lOOti percentiles (values at ?I 4~). The cummulative distribution functions (CDF's) in Table 4 are therefore established. These CDF's depend upon the specific assumptions that are made pertaining to the shapes of the distributions. If different assumptions are made, the distributions will be changed accordingly. Farmer & Stockman, November 14, 1998 The two approaches give essentially the same value at the 50fh percentile. These 50fh percentile estimates are in close agreement with those previously published. For example, the range of values determined from Attachment 8.9 of Reference 7.1 is 500 to 7,000 years (representative of 5th and 95* percentiles). A time-to-failure of approximately 14,037 years is given in Table 2 .89 of Reference 7.3. The values given in References 7.1 and 7.3 are consistent with the bounding estimates given in Reference 7.4.
